Abbreviation Key: BLUP = best linear unbiased prediction; CC = convergence criterion; EBV = estimated breeding value; EN = egg number; REV = relative economic values; TMI = total merit index. Culling based on BLUP of two traits at Stage 1 produced higher response than culling on phenotypic evaluations. It was found that culling based on phenotypic evaluation and not carrying information to the second stage reduce rates of response by 9 to 17% and produced inbreeding higher than or close to that of BLUP selection. This study clearly shows that a double penalty of less response and higher inbreeding is generally paid for not using all information. Optimum selection schemes will depend on relative costs and benefits of collecting and processing the extra information required for full BLUP selection schemes.
INTRODUCTION
Traits are expressed at different times or stages in the life of an animal. Xu and Muir (1991) postulated that culling of animals for certain traits at an early age has two major advantages. First, intensity of selection can increase for those traits that are measured earlier in life, as, generally, greater space is required per animal at later ages so that more animals can be reared and tested at earlier stages. Second, culling individuals at earlier stages can lead to savings in feed, labor, and facilities.
Several authors have discussed extensively different aspects of independent culling levels. Dickerson and Hazel (1944) provided a method to select a single trait in two stages. Jain and Amble (1962) extended Dickerson and Hazel's method to deal with three stages. Further distributional properties of truncating populations and their consequences in selection decisions were dealt with by Cohen (1950) , Finney (1956) , Robson (1964) , Wang (1972) , and Young (1972) . Cunningham (1975) developed a simple method in which he incorporated one index into another in a two-stage selection index. Patro and Mohapatra (1986) compared response with independent culling levels vs two-stage index selection in broilers. The authors found that independent culling level selection was 15% less efficient than two-stage selection index. Ducrocq and Colleau (1989) and Saxton (1989) developed computer programs for calculating optimum truncation points for several traits. Xu and Muir (1991) developed an exact transformed culling procedure which, although being efficient for any number of stages, was limited to selection for one trait at a time. The authors extended the results of their first paper to the general case of multistage selection and called it selection index updating (Xu and Muir, 1992) , in which each subsequent index contains all of the traits available up to that stage. These authors illustrated their method using a set of data for Rhode Island Red layer chickens. Xu et al. (1994) further enhanced the updated indexing method by incorporating the genetic relationship among animals and developed a technique that combined the multistage index selection with the mixed model approach for identifying superior animals. Abdou and Enab (1994) constructed several selection indexes and compared their relative efficiencies for laying hens in a two-stage selection program. When sequential selection is practiced, the data on one trait are considered in the selection decision and then the selected group of individuals is measured for the later recorded trait(s). Therefore, for correlated traits, culling based on previous trait(s) leads to a nonrandom group of animals being measured for subsequent trait(s). If the genetic evaluation is based on single traits and does not include the data on previously selected trait(s), potential bias in the prediction of the single trait could exist (Pollak et al., 1984) . Even if subsequent evaluations are multiple-trait analyses, if all the data are not available, the prediction will likely be biased due to use of an incomplete relationship matrix (Sorensen and Kennedy, 1984) .
Directional selection results in negative gametic phase disequilibrium, which causes reduction in heritability of the trait under selection and, in turn, a reduction in genetic response (Felsenstein, 1965; Bulmer, 1971) . Selection also affects covariances between correlated traits. Villanueva and Kennedy (1990) showed that the correlation between the trait directly selected and the trait indirectly selected always decreases in absolute value, and the decrease is maximum when the initial value is close to ± 0.60. McMillan et al. (1995) found similar results using a finite locus stochastic simulation model.
In the broiler breeding industry, pure line breeding companies raise many thousand of birds at different periods annually. Birds express several traits of importance at different ages, and a continuous cascade of information over time can become available. In general, there are two approaches to handling information; either to collect, store, and process all the data at each stage as they become available and carry them forward to subsequent stages; or to use simpler approaches, for example phenotypic selection with no data capture. A combination of these two approaches might also be used. The decision on what options should be chosen is a matter of costs vs benefits. The objectives of this paper were to examine the effects of various culling strategies on genetic response and inbreeding in a broiler nucleus flock for two negatively correlated traits.
MATERIALS AND METHODS
Stochastic simulations were performed for selected populations consisting of 5,000 birds per generation (25 sires each mated at random to 10 dams, each producing 20 progeny) using a simulation program developed by Mehrabani-Yeganeh (1997) . Although this population is smaller than general industry practice, it was felt to be large enough to obtain realistic results without resulting in excessive computing time. Base generation individuals (25 males and 250 females) were sampled from a large population in Hardy-Weinberg and gametic phase equilibrium. Two traits representing BW and egg number (EN) in a pure line broiler stock (female line) were considered. The two traits were assumed to be under purely additive genetic control, with additive genetic and environmental effects sampled from bivariate normal distributions.
Four alternative parameter sets (V 11 , V 12 , V 13 , V 14 ) were used as presented in Table 1 , with the corresponding genetic and environmental (co)variance presented in Table 2 . Parameter sets V 11 , V 12 , and V 13 used the same heritability for BW and EN and for the phenotypic correlation between BW and EN, but varied the genetic correlation (-0.25, -0.1, or -0.4, respectively). Parameter set V 21 was as V 11 , except the heritability of BW was increased to 0.5 and for EN decreased to 0.1.
Following the base population, six discrete generations were simulated. Two different life stages were considered. At the first stage (rearing period) only BW was expressed and at the second stage (production period) EN was expressed. Individuals were culled at the first stage based on the schemes that will follow. From among the surviving individuals, parents of the next generation were selected at the second stage. Selection at the second stage was always based on a total merit index (TMI) based on multiple-trait estimated breeding values (EBV) with relative economic values (REV) of 1 and 3 for the EBV for BW and EN, respectively. Culling at the first stage was based either on multitrait EBV or on phenotype. Tables 1 and 2 for parameters used in each set. 
Statistical Model for Multiple Trait Genetic Evaluation
The following system of equations describe the model that were used to analyze the data.
where y is the vector of phenotypic records on individuals whose length equals to the product of number of individuals times number of traits; b is the vector of fixed effect of hatches whose length equals to the product of number of hatches times number of traits; u is the vector of random additive genetic effects of animals whose length equals to the product of number of individuals times number of traits; e is the vector of random residual effects whose length equals to the product of number of individuals times number of traits; X is an incident matrix relating fixed effects of hatches to the records; and Z is an incident matrix relating random effects of animals to the records.
The expected values and (co)variances are:
where R is a diagonal block matrix of the order of (n × t) × (n × t) where n is the number of traits and t the number of individuals. Each diagonal block of R, r i , represents the residual (co)variance matrix for animal i. This matrix (r i ) has different forms depending on which traits are observed and included in the analysis. G is the genetic (co)variance matrix; A is the relationship matrix among individuals, and ⊗ is the direct product. This form of multiple trait BLUP assumes that inheritance corresponds to an additive infinitesimal model, that there are no genotype by environment interactions, and that genetic and environmental (co)variances are known without error.
Having formed mixed model equations, Gauss-Seidel iteration was used to obtain solutions for all effects. The following convergence criterion (CC) was used:
where sol ij is the solution for element j after i iterations (Schaeffer, 1993) . Solutions were assumed converged when CC was below 10 -3 . Within each parameter set and replicate, different strategies started with the same seed number and the same genetic mean at the base generation. Ten replicates were run for each parameter set, except under parameter set V 13 for which 20 replicates were run.
Culling and Selection Strategies
Four different culling strategies, t i were considered as follows:
t 1 : Here, 80% of individuals were discarded at the first stage based on TMI with selection across all families. Then all the data were carried to the second stage, in which individuals were evaluated after EN was expressed in surviving individuals.
t 2 : Here, 80% of individuals were discarded at the first stage based on their phenotype for BW. Then all the data were carried to the second stage, in which individuals were evaluated after EN was expressed in surviving individuals.
t 3 : Here, 80% of individuals were discarded at the first stage based on their phenotype for BW. Then only the data of surviving individuals were carried to the second stage, in which individuals were evaluated after EN was expressed in surviving individuals.
t 4 : Here, 80% of individuals were discarded at the first stage based on their multiple-trait EBV for BW. Then all the data were carried to the second stage, in which individuals were evaluated after EN was expressed in surviving individuals. FIGURE 1. Total merit index (TMI) to Generation 6 with parameter set V 11 . t 1 , t 2 , t 3 , t 4 are culling strategies as described in the text. Tables 1 and 2 for parameters used in each set. Table 3 presents genetic responses, for each trait under different culling strategies, for the four different parameter sets at Generation 6. Table 4 presents total merit responses at Generation 6, where TMI = BW + 3 × EN.
RESULTS
To aid presentation, response of TMI for parameter set V 11 across all six generations are shown graphically in Figure 1 . Rates of responses became linear by about Generation 3. Thus, rates of response for each combination of parameters and culling strategy calculated as the rate of change of total merit between Generations 4 and 6 and results are presented in Table 5. In Tables 3, 4 , and 5, covariances among responses within parameter sets are essentially zero, so that t tests and associated probabilities can be calculated from the means and standard errors presented.
Culling based on phenotypic values (t 2 ) resulted in lower responses than full BLUP for TMI (t 1 , Table 4), although none of the differences achieved statistical significance (P > 0.05). Comparing the actual responses at Generation 6 (Table 4), showed that t 1 produced 4.6, 1.4, 0.5, and 1.5% more response in TMI than t 2 for parameter sets V 11 , V 12 , V 13 , and V 21 , respectively.
Comparison between t 1 and t 4 showed that in terms of actual response (Table 4) , both methods performed very similarly at Generation 6. However, comparing rates of response (Table 5) , the difference between the two methods was statistically significant (P < 0.05) using a t test for parameter sets V 11 and V 13 . Here, t 4 resulted in 8 and 7% more responses than t 1 .
Under all four parameter sets, when information from culled individuals was not carried forward to the second stage (t 3 ), actual genetic responses and rates of response were significantly lower, but relative differences narrowed with increasing heritability for BW. For example, genetic response decreased by 13, 10, 4.5, and 6%, with statistical probabilities of P < 0.001, P < 0.001, P = 0.02, and P = 0.03 when using t 3 vs t 1 for parameter sets V 11 , V 12 , V 13 , and V 21 , respectively (Table 4 ).
The results show that when a moderate (-0.25) to high (-0.40) negative genetic correlation exists between the two traits, EN would decrease, although within each parameter set different culling strategies caused different degrees of reduction (Table 3 ). The size of the reduction in EN is as a result of a three-way interaction among the parameter set used, the relative economic values applied, and the culling strategy implemented. The greatest reduction was observed with high negative genetic correlation of -0.40 (parameter set V 13 ). Among the different culling strategies, t 3 produced the smallest reduction in EN under parameter sets V 11 , V 13 , and V 21 (Table 3) .
Comparison of the levels of inbreeding at Generation 6 for the four parameter sets are given in Table 6 . The general patterns across generations were similar and results at other generations are not presented.
Strategies t 1 and t 4 showed no significant differences in inbreeding for all parameter sets. t 3 also did not differ significantly from either t 1 or t 4 , except for parameter set V 21 , in which t 3 had significantly higher inbreeding than t 1 (F = 0.132 vs 0.114; P < 0.05). Strategy t 2 gave significantly lower inbreeding than the other three strategies for all parameter sets.
DISCUSSION
The main objective of this study was to compare genetic response and accumulation of inbreeding using different culling strategies that were applied in Stage 1 in a two-trait two-stage selection program. The two traits considered were BW and EN. The strategies were simulated and analyzed under a purely additive genetic model. As far as BW is concerned, this model seems to be appropriate. There are, however, studies that have shown that dominance and epistasis are important in influencing EN (Fairfull et al., 1987) . Fairfull et al. (1987) also reported that additive by additive, dominance by dominance, and additive by dominance relations were all important for hen-housed egg production. The specific results obtained here should, therefore, be treated with some caution, although the general principles should hold for a wide range of situations.
One clear result from the present study was that the contribution of first stage selection on single trait phenotype combined with failure to capture and use information on culled individuals (strategy t 3 ) always gave considerably less response in total merit than other schemes. When the first stage selection was on phenotype, but information on culled individuals was retained for later genetic evaluation (strategy t 2 ), response in total merit was never more than 4% less than when culling was on TMI and all information was retained. This result indicates that the failure to capture all first stage data for utilization at later genetic evaluation is the primary cause of lower response with first stage culling on phenotype.
The above conclusion is consistent with Belonsky and Kennedy (1988) . These authors found that genetic gain was greater when animals were selected based on BLUP EBV than when selected based on individual phenotype, but the differences tended to decrease as heritability increased. In our study, when heritability of the first trait was 0.25, the difference between culling on phenotype and on BLUP EBV at the first stage was about 4.5 and 7% in favor of BLUP (Table 4 , parameter sets V 11 , V 12 , and V 13 schemes t 1 and t 4 vs t 2 at Generation 6). The difference narrowed, however, when heritability increased to 0.50. In this case, BLUP performed 1.5 and 1% better than culling based on phenotype (Table 4 , parameter set V 21 ).
Some of our results are not easy to explain. Method t 4 gave 8 and 7% higher rates of response in total merit than t 1 for the parameter sets V 11 and V 13 , respectively (Table 5 ). The only difference between t 1 and t 4 was that first stage selection in t 4 was based only on the EBV for BW rather than TMI of BW and EN for t 1 . One possibility is that the statistical difference is a chance event, because the differences between t 4 and t 1 in final (Generation 6) genetic merit for TMI were only 2.3 and 3.1%, neither of which approached statistical significance (Table 4 ). Another possibility is that selection on TMI at both stages will lead to a greater decrease in the genetic correlation between BW and EN, due to build up of gametic phase disequilibrium, than will first stage selection on BW alone. This build up would impede progress in TMI in later generations. If so, it is not clear why the same phenomenon was not observed for V 12 , which only differs from V 11 in the magnitude of the initial genetic correlation between BW and EN.
The reduction in egg number probably would not be acceptable to most breeders, especially in female lines. However, the results in this study should be viewed in light of parameter sets and relative economic values used. With a negative genetic correlation between BW and EN, if sufficient weight is not placed on EN, one would expect to reduce the latter.
Culling based on BLUP evaluations (t 1 and t 4 ) resulted in higher inbreeding than phenotypic evaluation (t 2 ) under all parameter sets, which was expected. These results are in accordance with Belonsky and Kennedy (1988) and Kuhlers and Kennedy (1992) , who compared the amount of inbreeding under culling on BLUP evaluation and phenotypic evaluation and showed that BLUP produced 17 to 52% more inbreeding than phenotypic evaluation.
Higher inbreeding based on BLUP evaluations (t 1 and t 4 ) were due to a combination of higher accuracy and higher correlation of EBV among relatives due to contributions of information from relatives to each individuals EBV (Brisbane and Gibson, 1995) . The higher amount of inbreeding under BLUP might offset additional gains by loss in genetic variance. As mentioned earlier, it has been shown that dominance plays a role in the genetic control of EN. Therefore, this trait is expected to be negatively affected by the increase in inbreeding, which, in turn, might lead to less superiority of culling based on BLUP over phenotypic evaluation. The conflict between more response vs higher inbreeding has to be resolved within the breeding system based on strategic goals defined for the short term and long term.
Regarding inbreeding, the most important thing in this study is that when information of culled animals based on strategy t 3 is not carried over to the next stage, and only live individuals are evaluated, the amount of inbreeding is either higher than with BLUP evaluations (parameter sets V 12 , V 13 , and V 21 ) or is essentially equal to that with BLUP evaluations (set V 11 ).
Because the amount of response was also significantly lower when culling on phenotype evaluation and not carrying information to the second stage, a double penalty is paid for this strategy (lower response with higher inbreeding).
The ultimate decision on what strategy to apply is based on practicality and costs vs benefits. Recording information on all birds at Stage 1 will involve substantial costs, but these may be offset by the substantial genetic response that can be achieved.
